When exposed to ultraintense x-radiation sources such as free electron lasers (FELs) the innermost electronic shell can efficiently be emptied, creating a transient hollow atom or molecule. Understanding the femtosecond dynamics of such systems is fundamental to achieving atomic resolution in flash diffraction imaging of noncrystallized complex biological samples. We demonstrate the capacity of a correlation method called ''partial covariance mapping'' to probe the electron dynamics of neon atoms exposed to intense 8 fs pulses of 1062 eV photons. A complete picture of ionization processes competing in hollow atom formation and decay is visualized with unprecedented ease and the map reveals hitherto unobserved nonlinear sequences of photoionization and Auger events. The technique is particularly well suited to the high counting rate inherent in FEL experiments.
Imaging at the atomic level can use very short, intense x-ray pulses from a free electron laser (FEL) [1] to record the diffraction pattern from biological molecules before they explode due to massive photoionization [2] . Such imaging has been demonstrated with resolution of tens of nanometers [3] , but atomic resolution will require understanding the dynamics of fast multiphoton ionization from inner shells. This can create hollow atoms [4, 5] and highly charged species [6] which modify the diffraction pattern [7] . In this Letter we demonstrate the capacity of covariance mapping [8] to reveal the electron dynamics of multiphoton hollow atom formation at FELs [9] . We introduce partial covariance so compensating for the strong fluctuations in pulse energy, which spoil conventional covariance maps. The technique allows us to identify hitherto unobserved photoionization and Auger sequences, their branching ratios and femtosecond dynamics.
While some useful information on electron dynamics in intense x-ray fields can be obtained by monitoring the ion charge states [5] , this information is incomplete because different ionization sequences can lead to the same product. In particular, for the formation of transient hollow atoms which cannot be discerned this way, electron energy spectra are required. High charge states produced in such experiments generate spectra where different electron energies overlap and can be untangled only in special cases [5] . An unambiguous identification of ionization sequences requires correlation of at least pairs of electron energies. Coincidence techniques [10] can reveal such correlations but require low counting rates, typically 1 coincidence event per 10 to 100 radiation pulses. Reducing the data acquisition to such a low level [11] is impracticable at FELs, which are single-user facilities operating at low repetition rates. To overcome these experimental obstacles we present an enhanced version of the covariance mapping technique [8] .
The experiment was performed using the Atomic, Molecular, and Optical science instrument of the Linac Coherent Light Source (LCLS) FEL at the SLAC National Accelerator Laboratory, Stanford [12] . X-rays are focused on a pulsed jet of Ne atoms and the emitted electrons are guided by the field lines of a long magnetic bottle spectrometer [13] , custom-made for the present purpose, towards the detector. A transient digitizer records a timeof-flight (TOF) spectrum of electrons created at each laser shot and sends it to fast data storage and to a data analysis system [14] , which converts the spectra from TOF to energy and calculates the covariance map. Both the timeaveraged electron energy spectrum and the corresponding covariance map are displayed in real time to monitor the data quality. (More experimental details including a schematic figure, Fig. S1 , are given in the Supplemental Material [15] ).
If two or more electrons are liberated from the target by the X-ray pulse and one characteristic electron is detected at energy E x there is a higher than average probability of detecting a second electron from the same event at another energy E y . The existence of the correlated electrons can be revealed by calculating the covariance of the signal at E x with the signal at other energies, which include E y . Formally this means taking a row vector of the single-shot energy spectrum, XðE x Þ, transposing it into a column copy, YðE y Þ ¼ XðE x Þ T , and calculating a covariance matrix
where hi denotes an average taken over many laser shots (see Fig. S2 of the Supplemental Material [15] for instances of the single-shot spectra; note that the counting rate is typically 30 electrons per radiation pulse-300 to 3000-fold higher than in coincidence techniques). The covariance matrix can be visualized as a map, as shown in Fig. 1 , of (at least) twoelectron processes, which appear as positive features. The important property of the covariance estimator (unlike a correlation coefficient) is that the feature volumes are directly proportional to the probability of the underlying physics. This property originates in Poissonian fluctuations of the number of atoms in the focal region and is related to the fact that the variance of a Poissonian process is equal to its mean. The simple covariance technique outlined above often produces artificial correlations which are not of physical interest. For example, if the laser pulse energy increases from one shot to the next, there are more electrons produced in every process, and every feature on the map becomes correlated with every other via the common influence of laser fluctuations. Usually, it is impossible to keep the experimental conditions exactly the same from shot to shot and the only way to suppress the unwanted common correlations is to reduce the counting rate and run the experiment for a longer time. In practice, the FEL X-ray pulses fluctuate widely (see Fig. S3 of the Supplemental Material [15] ).
To accommodate the high counting rate characteristic for FEL experiments we enhance the simple covariance mapping technique by monitoring the X-ray pulse energy, I, at every shot and use this information to calculate partial covariance [16] pcovðY;X;IÞ ¼ covðY;XÞ ÀcovðY;IÞcovðI;XÞ=covðI;IÞ:
The second term in this formula can be regarded as a correction for fluctuations in I. The result is equivalent to holding the pulse energy constant, inducing only a little extra noise due to the statistical origin of the correction. Equation (2) can be extended easily to compensate for more than one influence on the raw signals, provided the relevant parameters are monitored at every shot.
Equation (2) compensates for unwanted correlations linear with I. It also compensates for the majority of nonlinear correlations induced by I because the signal is corrected at its mean level rather than at zero. In fact, any uncompensated nonlinear artifacts are not discernible under our experimental conditions, confirming that Eq. (2) is applicable to quite large fluctuations of the pulse energy (see Fig. S3 of the Supplemental Material [15] ).
We have chosen neon as a showcase system because it is the simplest atom where a plethora of single-photon and multiphoton sequential absorption and decay processes are possible. In Fig. 2 we show schematics of multiphoton processes and related kinetic energies of the emitted photoand/or Auger electrons. We demonstrate that the signatures for all of the sequences illustrated are present in our covariance maps, which provide the unique capability to distinguish them in an efficient way. Figure 1 shows an overview partial covariance map of neon recorded at the photon energy of 1062 eV (with a nominal pulse duration of 8 fs and a nominal pulse energy of 0.11 mJ) which was chosen to access the core (1s) electrons of the neutral species (870.2 eV binding energy [17] ). The off-diagonal features are associated with pairwise correlations of the electrons ejected upon sequential x-ray multiphoton absorption by Ne atoms. Conventional, one-dimensional electron energy spectra are shown along the x and y axes. The peaks discernible in these spectra are revealed as subdivided into several more features on the map. For example, the 0-200 eV kinetic energy part reflects features associated with core-core, core-Auger, and core-valence processes according to their inherent electron-electron correlations.
The map is symmetric about the diagonal because the same spectra are used for both axes. The strong autocorrelation line on the diagonal has the same origin: an electron detected with energy E x will always be present in the covariance map at E y ¼ E x , unlike electrons with different energies, which have the detection and collection efficiency factored in. The symmetry and the autocorrelation line are not present if different x, y spectra are used, for example, in electron-ion covariance mapping [18] .
Ionization of background gases, such as water or nitrogen, is displaced from neon processes in the map and does not interfere with the analysis. The N 2 core-Auger island was useful for calibration of the TOF-to-energy conversion (see the Supplemental Material [15] ).
The x-ray pulses suffer from photon energy jitter, typically 0.5% of the nominal photon energy. The actual photon energy can be derived from the FEL electron beam energy, which is measured for every shot. This makes it possible to compensate single-shot spectra for the jitter before using them to construct the map. The compensation sharpens photoelectron peaks but broadens Auger ones (if they cannot be treated separately). On the map it removes all distortions in the most interesting core-core region, but leaves some residual distortion in the core-Auger region.
The Ne core-core and core-valence regions are magnified in Fig. 3 . The autocorrelation line dominates the map near the diagonal and secondary electrons released from the surface of the permanent magnet near the focal spot mask other features below 30 eV. A summary of the identified pairwise electron correlations, with the kinetic energies and assignments, is given in Table I .
Among the dynamical processes depicted in Fig. 3 , a likely ionization sequence is the photoelectron-Auger electron-photoelectron-Auger electron (PAPA) process [21] , where a photoelectron (P) is ejected from the core, followed by ejection of an Auger electron (A), followed by PA again. This process gives rise to the relatively intense peaks at the energy positions (136 eV, 192 eV) labeled in Figs. 2 and 3 as PAP. Here, and henceforward, we use the notation 1s ¼ K, 2s ¼ L, and 2p ¼ V to label the orbitals. When P is without a subscript it means ejection from the K shell. Similarly, when A is without a subscript, it refers to an Auger process involving two electrons from the V shell. The two detected particles giving rise to the covariance signal are indicated by bold type. 
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At a pulse duration larger than the core hole lifetime, a less likely process is PPAA, where a second photoelectron is ejected before the first hole is filled thereby creating a transient hollow atom which is filled in a subsequent AA process. Its lower probability is reflected in a smaller height of the PP feature in Fig. 3 . The ratio of the integrated intensity of this feature to that of the PAP feature is measured as 0.28. The shorter the FEL pulse, however, the more probable is the PP process. To observe this effect we have analyzed the covariance map according to the x-ray pulse duration, as estimated from the charge-to-current ratio recorded for each electron bunch (this duration is probably an overestimate because the x-ray pulses have substructures [1] ). In Fig. 4(a) we plotted the integrated volumes of two areas in the covariance map [region (g) of Fig. 1 ] which correspond to a one-photon PA process and a two-photon PPA process, respectively. In both cases the first photoelectron and the associated Auger electron were detected. As can be seen, the probability of hollow atom formation decreases with increasing pulse duration, while the PA process, whose probability depends only on atomic properties, is little affected by the pulse duration (the small observed variation of the PA process with the pulse duration is probably due to a residual correlation between the pulse duration and energy).
After the PAPA process another core ionization is still energetically possible, which we observe in Fig. 3 as the PAPA L P and PAPA L P islands of the same PAPAP sequence but with different photoelectrons detected. An Auger process involving the L shell is a minor channel in Ne þ with a K hole (KVV:KLV:KLL ¼ 60:25:5 [20] ), but as the number of ionization steps increases, there is an increasing probability that one of the steps leaves a hole in the L shell; indeed, this seems to be the case here, which is labeled by the subscript L. However, the L shell vacancy can also be produced in a shakeup process at the middle P. From the significant difference in heights of the PAPA L P and PAPA L P islands we infer that the former has some contribution from the 2p ! 3p shakeup satellite of the PAP process.
The identification and direct comparison of such sequences is a unique asset of our method, while in conventional photoelectron spectra the PAP processes give rise to broad fluctuations over a diffuse background [22] .
The ridge labeled as D KV in Fig. 3 shows correlation between two photoelectrons simultaneously ejected from the core and valence shells upon absorption of a single photon [23] . The available energy is arbitrarily shared between the two electrons giving a line E x þ E y ¼ const, with an increasing height towards the ends of the line due to a tendency towards unequal energy sharing. This higher probability at the ends of the line is also reflected in the nonlinearly continued DAP ionization sequence, which is revealed in this part of the map as a diffuse D KV AP island. This is an example of a hitherto unobserved ionization sequence which can be separated by the present technique from the competing PAP V P sequence, both of which give rise to the same kinetic energy of the final electron.
In addition, several new photoionization processes are revealed in the high energy part of the map in Fig. 3 . Notably, covariance mapping unambiguously identifies nonlinear sequences leading to the same final state, for example, the P V P island is separate from its chronologically reversed counterpart PP V , and PAP V P is separate from PAPP V .
The ionization probability is related to the number of photons in a pulse. Specifically, the probability of a process Figs. 1 and 3 . Bold type indicates the correlated electron pair. Our measurements are compared with theoretical [19] and other experimental [17, 20] Increasing pulse duration (a) hardly affects the dominant photoelectronAuger (PA) sequence, but reduces the probability of hollow atom formation (PPA) because it has to compete with the former process. For increasing x-ray pulse energy (b) the yields follow a power law whose exponent is the number of photons absorbed in the process. The values of pulse duration and energy are accurate within AE50%. All errors are AE1 standard deviation.
involving n photons depends on the nth power of the pulse energy. Fig. 4(b) shows examples of such variation (a saturation effect reduces the slope of the PA process somewhat below the theoretical value). Plotting such variations helps considerably to interpret covariance maps.
In conclusion, we have investigated the dynamics of hollow atom formation by resolving on a partialcovariance map different photoionization sequences (such as PAPA and PPAA) leading to the same ion charge state (Ne 4þ ). The nature of this technique allowed us to completely quantify the competition between these processes on the femtosecond time scale. On the covariance map we discern several new sequences which give the same kinetic energy of the final electrons and so could not be distinguished previously. We expect that this method of revealing ionization dynamics in intense x-ray pulses will help to interpret diffraction patterns and improve the accuracy of structural analysis of complex systems.
The scientific advances we have made validate partial covariance mapping as a practical method of FEL data analysis. It makes it possible to collect much more data within the typical acquisition time available at an FEL, and by its selectivity can cope with the presence of some background impurities. There are good prospects for discerning other multiple core vacancy processes such as two-site double core hole formation [22, 24, 25] Note added.-In a separate work (which was prepared and submitted for publication after this work was finished) some of us demonstrate the method of partial covariance analysis to disentangle fragment ion momenta spectra for getting insights into the Coulomb explosion of diatomic molecules exposed to intense XUV radiation fields [26] . . Experimental setup. X-ray pulses are focused on neon atoms releasing electrons. At each laser shot a time-of-flight spectrum of the electrons is recorded using a magnetic bottle spectrometer of high collection-detection efficiency, converted to an energy spectrum and its contribution to a covariance map is calculated using the FEL pulse characteristics. After a few minutes the quality of the map is assessed on an online display and for promising runs the data acquisition typically continues for an hour or longer. Sample handling and electron spectrometer. Commercially obtained Ne gas of high purity (> 99.99%) was let into the AMO High Field Physics chamber [12] as an atomic beam from a pulsed valve through a narrow (500 μm) skimmer. Electron spectra were recorded shot-by-shot using a custom-made 2 m long, highly efficient magnetic bottle time-of-flight spectrometer akin to Ref. 10 , capable of resolving individual electron kinetic energies. The resolving power for single electrons can be expressed as a fixed numerical resolution E/ΔE of about 50 for electron energies above 1 eV, and a fixed resolution ΔE of about 20 meV at lower energies. LCLS operation and data acquisition. The LCLS was operated in low-charge mode providing on average pulses of 8 fs duration at a repetition rate of 120 Hz. Energies of individual X-rays pulses were measured on a shot-by-shot basis with four different gas detectors upstream of the focusing optics and therefore the actual power on target might be lower than the numbers quoted in the text and figures. Since the LCLS is a Self-Amplified Spontaneous Emission (SASE) source, the optical pulses can be assumed to be partial replicas of the electron bunches. The electron bunch length can be obtained from the LCLS machine parameters as T = Q/J, where Q and J are measured electron bunch charge and current, respectively. Electron flight times were referenced to the FEL pulses. The complete analogue wave form of the time-of-flight (TOF) signals was recorded with 0.5 ns resolution at each laser shot and was sent to the central fast data storage of the LCLS.
